Wear 458-459 (2020) 203404 


Contents lists available at ScienceDirect 


Wear 


es 


journal homepage: http://www.elsevier.com/locate/wear 


ELSEVIE 


Check for 


Micro-pitting and wear characterization for different rolling bearing steels: | =: 
Effect of hardness and heat treatments 


Aleks Vréek® , Tobias Hultqvist, Tomas Johannesson > Par Marklund“, Roland Larsson * 


a Division of Machine Elements, Luleå University of Technology (LTU), Luleå, Sweden 
> Volvo Car Corporation (VCC), Goteborg, Sweden 


ARTICLE INFO ABSTRACT 
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The current trend of increased power density and reduction of oil viscosity in machine components is forcing 
engineers and scientists to engineer surfaces to endure higher contact pressures and stresses induced from 
rolling/sliding motion. Typically, surface-initiated rolling contact fatigue represents the main failure mode and 


aa F ; ; has been gaining more and more attention lately. In this paper, the extent and morphology of the surface damage 
Surface induction hardening ` . j $ : fot ae : 
Hardriess of different bearing steels in disc-on-disc contact under reduced lubrication conditions are studied. For this, 


rough-on-smooth contact was selected to promote surface fatigue damage on the smoother surface. Special 
attention was given to study both the effect of the hardness difference of the discs and the influence of different 
heat treatments, i.e. surface induction hardening (SIH) or through hardening (TH), on micro-pitting and wear 
performance. It was demonstrated through tribo-testing that the faster, rough surface undergoes only mild wear 
and plastic deformation of asperities. However, three different damage modes were observed and assessed on the 
slower, smoother surface, where the damage mode showed a strong dependence on a surface hardness difference 
between the smooth and the rough surface. Furthermore, it was observed that a plain medium carbon steel (DIN 
C56E2) showed better surface fatigue resistance than a low alloy high carbon steel (DIN 100Cr6) at similar 
surface hardness levels if SIH is applied on the former. 


1. Introduction 


Micro-pitting, or surface distress, is a common surface failure 
mechanism, typically present in modern machine components which 
employ heavily-loaded, non-conformal, rolling-sliding lubricated con- 
tacts, e.g. rolling bearings and gears. Such damage is caused by rolling 
contact fatigue at the asperity level, which occurs due to repeated 
asperity stress fluctuations when over-rolled. It is characterized by 
numerous micro-cracks and micro-spalls formed on the rolling surfaces, 
which typically occur under reduced lubrication conditions (low 
lambda), where the lubricant film thickness cannot completely separate 
rolling surfaces. Instead, the load is partially carried by both asperity- 
asperity contacts and the lubricant. As the current trend is to employ 
thinner lubricants to ultimately improve efficiency of machine compo- 
nents, significant attention has been given to understand the micro- 
pitting phenomena and to engineer the rolling surfaces to be more 
resilient and to endure higher power density. 

Today, micro-pitting has been recognized as a surface contact fatigue 
phenomenon that involves a competition between mild wear and 


* Corresponding author. 
E-mail address: aleks.vrcek@ltu.se (A. Vréek). 


https: //doi.org/10.1016/j.wear.2020.203404 


asperity fatigue [1,2]. Mild wear can reduce the formation of micro-pits 
by modifying the running-in of the surfaces, and/or by removing the 
layers of fatigued material. It was demonstrated that additives such as 
anti-wear (AW), friction modifiers (FM), or extreme pressure (EP) can 
have a significant role in enhancing/retarding the formation of 
micro-pitting [3-6]. Typically, additives that protect rough rolling sur- 
faces from wear can enhance the formation of micro-pits by maintaining 
a high amplitude of surface roughness and, in turn, can main- 
tain/increase the high friction coefficient, which ultimately increases 
the risk of micro-pitting. In contrast, additives responsible for allowing a 
certain extent of running-in wear and/or reducing the friction coeffi- 
cient usually reduce the risk of micro-pitting. Significant attention has 
given to explore the role of the ZDDP anti-wear additive [2,3,5-10]. This 
additive is beneficial for the tribology of sliding contacts, but can be 
detrimental for the tribology of rolling contacts [11]. A recent study 
[12] suggests that the extent of micro-pitting depends more on the 
extent of running-in wear, rather than on the thickness of the final ob- 
tained tribofilm, as previously thought [5]. In this case, sufficient 
running-in wear would ultimately reduce the risk of micro-pitting. 
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Fig. 1. Contact configuration for Twin-disc machine, counterface (left), and specimen (right). 


Table 1 
Chemical composition of bearing steel grades. 
Weight % ppm 
d 
ee c si Mn P Cr Ni Mo Cu Al o N 
G55 min 0.55 0.10 0.60 - - - - - 0.005 - 50 
DIN C56E2 max 0.60 0.30 0.90 0.030 0.015 0.20 0.20 0.10 0.30 0.050 15 
G50 min 0.49 0.10 0.50 - 0.90 - 0.20 0.005 - - 
DIN 50CrMo04 max 0.56 0.40 0.80 0.015 0.020 1.20 - 0.35 0.3 0.050 15 = 
G3 min 0.93 0.15 0.25 - 1.35 - - - - - - 
DIN 100Cr6 max 1.05 0.35 0.45 0.025 0.015 1.60 0.25 0.10 0.30 0.050 15 - 


Nevertheless, in the absence of additives, other factors have received 
more attention, such as operating conditions, steel surfaces, and 
metallurgical properties. In general, severe contact conditions will result 
in a higher risk of micro-pitting, or even wear, if the lambda ratio is very 
low and anti-wear additives are absent. Micro-pitting initiation and 
progression is mainly controlled by operating pressure [13]. An 
increasing slide-to-roll ratio (SRR) accelerates the severity of 
micro-pitting due to the higher sliding distance [14]. However, only 
until a certain threshold, where mild wear takes over and reduces 
micro-pitting damage [10,15,16]. Furthermore, in general, negative 
sliding (the slower moving surface) was considered to be more detri- 
mental for the occurrence and extend of micro-pitting damage; this is 
due to the addition of the pressurized oil effect, which helps to open the 
cracks [1,17,18], although some studies suggest otherwise, i.e. 
micro-pitting damage was more advanced for positive sliding compared 
to negative due to lower wear [8]. 

Besides operating conditions, significant attention was given to study 
the role of surface topography and material. It was demonstrated that 
roughness was the leading cause of the micro-pitting failure mechanism, 
with rough-smooth contact being detrimental to the smoother surface 
[9,16]. In this case, the rough surface induces fatigue micro-cycles on 
the smooth surface and, thereby, promotes micro-pitting damage. 
Typically, stress fluctuation occurs only on the smooth surface due to the 
roughness of the other one. Furthermore, it was shown that the rough- 
ness lay, with respect to the rolling direction, has significant influence 
on the extent of micro-pitting, with transverse roughness being much 
more detrimental compared to longitudinal [2,8]. Transverse lay in- 
duces stress fluctuations and further accelerates micro-pitting damage. 

Another important consideration has been the steel material and its 
properties, such as hardness, for instance. Surfaces of rolling bearings 
and gears should have sufficient hardness levels, ranging from 58-66 
HRC, to withstand elevated Hertzian contact pressures (>1 GPa). In 
general, rolling contact fatigue life is proportional to hardness level. 
Previous studies [6,13,19,20] demonstrated that surface hardness plays 
an important role when it comes to micro-pitting damage, starting with 
Olver [19], who investigated severe micro-pitting wear damage. In this 
case, micro-pitting damage was so severe that rapid material loss was 
not due to traditional wear, but due to rolling contact fatigue, which 
resulted in high wear rates and, ultimately, in a loss of diameter. It was 


demonstrated that severe micro-pitting wear is accelerated when the 
specimen was softer than its counterface. A harder counterface main- 
tains a high index of plasticity (ability of causing plastic deformation on 
the counterface) and further damages the softer specimen. In consider- 
ation of only mild micro-pitting damage, i.e. when surface fatigue 
competes with mild wear, a study by Oila and Bull [13] showed that 
harder steel surfaces lead to earlier micro-pitting initiation; however, 
the progression rate was significantly lower compared to softer surfaces. 
Recently, Vrcek et al. [9] developed a methodology to investigate 
micro-pitting and wear performance in a disc-on-disc configuration and 
showed that the highest micro-pitting damage was found for the equally 
hard surfaces at a relatively high hardness value, due to the lower mild 
wear. In addition, a hardness difference could completely eliminate 
micro-pitting damage if the rough counterface was softer. Nevertheless, 
further studies are required in order to understand surface damage (i.e. 
the micro-pitting and wear phenomenon) to a better degree with respect 
to hardness, the choice of bearing steel material, and its heat treatments. 

This paper addresses the importance of the surface hardness differ- 
ence in relation to surface damage, i.e. micro-pitting and wear damage, 
when tested under reduced lubrication conditions. Three different roll- 
ing bearing steels are used that were heat-treated in two ways, surface 
induction hardening (SIH) and through hardening (TH). The paper 
highlights the benefits of applying SIH heat treatments to extend the 
fatigue of components by introducing a beneficial compressive residual 
stress state into the surface and subsurface region. Results suggest that 
proper selection of heat treatments is more important than selecting a 
better bearing steel composition when it comes to surface fatigue 
resistance if surface hardness levels are kept constant. 


2. Materials and methods 


The twin-disc tribometer Wazau UTM 2000 (Wazau, Berlin, Ger- 
many) was employed to characterize micro-pitting and wear perfor- 
mance for different bearing steels under reduced lubrication conditions. 
The contact consists of two discs rolling/sliding against each other under 
boundary lubrication conditions. Fig. 1 shows the used contact config- 
uration with a rougher flat disc, representing a counterface, (diameter of 
52 mm) and a smoother crowned disc, representing a specimen, 
(diameter of 52 and a transverse radius of 10 mm). Both discs have a 
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Fig. 2. Microstructure of surface induction hardened counterfaces for different steels. In addition, the microstructure of surface induction hardened G55 represents 


both, the microstructure of the specimen and the counterface. 


(a) G3 -63 HRC | _ (b) G3 


—61 HRC 


(C) G3 — 59 HRC 


Fig. 3. Microstructure of through-hardened specimens tempered at three different temperatures; (a) low, medium and high temperature. 


longitudinal roughness lay to better represents rolling bearing surfaces, 
where the uncrowned disc (the counterface) rotates faster in all the 
experiments reported. This configuration led to significant damage 
mostly on the on the slower, crowned disc (the specimen). In addition, 
the configuration allows the achievement of elevated Hertzian contact 
pressures to be typical for non-conformal contacts, such as found in e.g. 
rolling element bearings. The objective of this study was to investigate 
and characterize the surface damage, i.e. micro-pitting and wear dam- 
age, of different heat-treated rolling contact surfaces that were made of 
different bearing steel grades. 


2.1. Materials 


For this study, three commonly used bearing steel grades were 
selected: medium carbon non-alloy (DIN C56E2), medium carbon low 
alloy (DIN 50CrMo4), and high carbon low alloy (DIN 100Cr6) steel 
grade, which were designated as G55, G50 and G3, respectively. Table 1 
lists the chemical composition of these steel grades. All discs made of 
G55 were manufactured from rollers with a forged structure in a fine 
ferritic-pearlitic microstructure. Disc made of G50 were manufactored 
from large rollers in a tempered martensitic state. Disc made of G3 were 
manufactured from hot rolled steel bar in a fine ferritic-pearlitic state. 
All discs were subjected to different heat treatments which was followed 
by surface finishing i.e. grinding and polishing to achieve a desired 
surface roughness value. 

All flat discs i.e. counterfaces were subjected to surface induction 
hardening (SIH) with a depth of surface hardening of approximately 2 
mm in order to withstand elevated Hertzian contact pressures from the 
rolling motion. The location of maximum Hertzian shear stress is located 
at a depth of approximately 0.2 mm. The minimum requirement for 
surface hardness was 58 HRC, which is typical for rolling bearing steel 


surfaces. As aforementioned, all counterfaces were subjected to SIH, 
which was followed by one or two tempering cycles for some discs. The 
tempering was done in a furnace without active atmosphere at 180 °C 
for 2 h. Additional tempering cycle at 285 °C for 4 h was done for 
counterfaces made of grade 3 only, in order to obtain the similar surface 
hardness level as compared to the other two tempered grades. 
Furthermore, some counterfaces were only subjected to SIH without the 
use of a tempering cycle to achieve maximum surface hardness for a 
specific grade. Examples of resulting microstructures that are 1 mm 
away from the surface are presented in Fig. 2. All microstructures exhibit 
fine martensite without any undissolved large carbides. 

Curved discs i.e. specimens were made of G3 and G55 with different 
applied heat treatments. The specimens made of G3 were through 
hardened (TH) and tempered to achieve three different hardness values. 
Fig. 3 shows the resulted microstructure for all three different 
tempering. Over the cross-section of the disc, all microstructures are 
shown to be fully martensitic. The specimens made of G55 were SIH and 
tempered. The hardness was measured using a Vickers and Rockwell 
indenter with 1 kg and 150 kg of load (HRC), respectively, at several 
places on the surface, from which the average of four was calculated. 
The summary of the hardening results for counterfaces and specimens is 
listed in Table 2. 

All discs were ground and polished to achieve the desired surface 
roughness. The polishing was done by hand with polishing paper (P500) 
and polishing paste (15 pm). Counterfaces were rough, with RMS = 400 
nm (+ 30) to promote fatigue micro-cycles on the specimens, which 
were superpolished to RMS = 30 nm (+ 10). The polishing and surface 
measuring were done iteratively until the specific roughness tolerance 
was achieved. The runout for all discs was within 10 pm. The lubricant 
used for this investigation was Shell Turbo TT9 low-additive mineral oil, 
in order to exclude the role of additives and to only investigate the role 
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Table 2 
Summary of hardening results for test discs. 
Disc type Grade Heat Tempering Surface Surface 
treatments [°C/h] hardness, hardness, 
HV1 HRC 
Std? 
Counterface 55 SIH 180/2 692 15 59.3 
Counterface 55 SIH - 813 24 62.0 
Counterface 50 SIH 180/2 680 31 58.7 
Counterface 50 SIH = 771 27 60.9 
Counterface 3 SIH 180/2 767 13 62.2 
Counterface 3 SIH 180/2 + 695 15 58.8 
285/4 
Specimen 3 TH 180/2 791 8 63.5 
Specimen 3 TH 180/2 + 739 11 60.7 
240/4 
Specimen 3 TH 180/2 + 692 8 59.0 
285/4 
Specimen 55 SIH 180/2 699 13 59.3 


a Std — Standard deviation based on 4 measurements. 
of steels. 
2.2. Test method 


As aforementioned a Twin-disc tribometer, UTM 2000, was utilized 
for this study. Both discs were independently driven by electrical motors 
that allowed a maximum speed of 3000 rpm. A radial load of 1400 N was 
applied through a dead weight system. The contact was lubricated with 
1.5 1 of Shell TT9 oil, which circulated from an oil sump through an oil 
pump into the contact. The bulk oil was not heated; however, due to 
internal heating, the lubricant inlet temperature was stabilized at 50 °C. 
In addition, two oil filters were used to remove fine particles with grid 
sizes of 125 and 10 pm. All discs and the equipment were cleaned prior 
to testing with heptane and ethanol. In addition, all discs were ultra- 
sonically cleaned in heptane for 5 min. Tests were started by ramping up 
the rotational speed of both discs without any applied load. The spec- 
imen rotated slower than the counterface, achieving a —5% slide-to-roll 
ratio (SRR), calculated as a speed difference divided by mean entrain- 
ment speed. After the entrainment speed of 7.9 m/s was achieved and 
the SRR reached, the radial load was applied, resulting in a maximum 
Hertzian contact pressure of 3 GPa. This yields an elliptical Hetzian 
contact with the semi contact width a (in direction of rolling) and b of 
0.51 and 0.43 mm, respectively. This load is not typical for gear appli- 
cation, however, it was chosen to accelerate the damage modes. The test 
was then suspended after 50 h duration. The operating conditions are 
summarized in Table 3. The oil was changed after two tests. 

All tests were run in the boundary lubrication regime, with a con- 
stant lambda ratio (A) of approximately 0.5 in order to accelerate fa- 
tigue/wear damage. The lambda is calculated as: 


Table 3 
Operating conditions for experimental setup. 
Quantity Unit Value/Comment 
Entrainment speed, ue m/s 7.9 
Maximum Hertzian contact pressure, Pmax GPa 3.0 
Hertzian semi width, a and b mm 0.51 and 0.43 
Slide-to-Roll ratio, SRR % —5} 
Heat treatments/Surface roughness, RMS /nm 
Specimen TH, SIH / 30 
Counterface SIH / 400 
Lambda value, A = 0.5 
Oil inlet temperature, T °C 50 
Test duration, t/number of cycles, n h/- 50/8.9! million 


‘for the specimen. 
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\/RMS? + RMS? 


where, hmin is the minimum oil film thickness in the contact; RMS; and 
RMS, represent the surface roughness of the flat and the curved disc, 
respectively. The minimum oil film was calculated based on the 
Hamrock-Dowson equation for lubricated elliptical contacts [21], with 
pressure-viscosity coefficient a ~ 30 GPa’. After the test, all discs were 
ultrasonically cleaned in heptane for 5 min and cleaned with ethanol. 
The summary of the testing matrix with the measured surface hardness 
is listed in Table 4. The hardness was measured after the test, in this case 
four measurements were made, evenly spaced around the disc 2 mm 
away from the wear, and from this an average was calculated. Six 
different variants of counterfaces were tested against four different 
variants of specimens; in total, 18 tests were conducted. The objective of 
this study was to investigate and characterize the surface damage, i.e. 
micro-pitting and wear, of different heat-treated rolling contacting 
surfaces made of different bearing steel grades. All tests were run in a 
random order. 


2.3. Post-test analyses 


For post analyses, an optical interferometer, Zygo 7300 (Zygo, 
Middlefield, CT, USA) was utilized to assess surface damage, i.e. micro- 
pitting and wear damage, and changes in surface roughness. The surface 
topography of the worn counterface and specimens is captured four and 
eight times, respectively, equally distributed along the wear track. For 
the counterface, only surface roughness changes in RMS were assessed 
before and after the test. For the specimens, micro-pitting and wear 
damage was assessed with commercially available Mountains Map 
software [22], in a similar way as in Refs. [6,8,9]. 

The surface damage (SD) was shown to be homogenous around the 
specimen; therefore, the percentage of average surface damage, SDay;, 
was assessed. This was assessed within an observed area domain (0.915 
x 1.05 mm), simply by dividing the projected damaged area and the 
observed area domain. The projected damaged area was obtained by 
fitting a plane to the worn surface. Surface damage was considered 
consequential if formed micro-pits and/or wear induced damages were 
deeper than 0.15 um from the plane. This value was chosen in order to 
exclude possible surface irregularities. In addition, scratches were 


Table 4 

Summary of the test matrix with surface hardness measurements. 
Test nr. Surface hardness [HV1] Hardness 

Grade Counterface Grade Specimen Difference? 
——= Rane eee, [HV1] 
Mean Std? Mean Std? 

Al 50 673 23 3 793 5 120 
2 55 689 12 3 795 9 107 
3 3 689 20 3 792 8 103 
4 3 764 14 3 784 13 20 
5 50 793 18 3 793 6 8 
6 55 790 8 3 790 5 0 
7 50 686 40 3 692 8 6 
8 55 691 19 3 692 8 1 
9 55 705 7 55 699 15 —6 
10 3 700 11 3 691 3 = 
11 3 765 16 3 740 7 —25 
12 3 775 13 3 734 5 —41 
13 3 772. 8 3 689 14 —84 
14 55 821 9 3 730 5 -91 
15 55 791 19 55 700 18 -92 
16 55 836 18 55 699 15 —137 
17 55 831 9 3 692 10 —139 
18 55 840 12 55 690 20 —150 


* Std — Standard deviation based on 4 measurements. 
> Hardness difference — hardness of specimen — hardness of counterface. 
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excluded from global SD damage assessments. 

The volume of material removed was assessed from an observed area 
domain (1.40 x 1.05 mm), in this case wider width, compare to the SD 
analyses, was chosen to determine the wear scar. Series of profiles were 
generated from the area domain, from where the mean profile of the 
series was generated (including all micro-pits/wear induced damages 
and scratches). The worn area was simply a cross-sectional area of the 
mean profile of the series. Everything below the initial surface line was 
considered a micro-pitting and/or wear damage. Then, the specific wear 
rate, Wayr, was calculated according to the following equation: 

V 


War == 2 
Í F, xs (2) 


where, Wav is a specific wear; V is the volume of removed material; Fn is 
the normal force acting in the contact (Fn = 1400 N); and s corresponds 
to the sliding distance. 


3. Results and discussion 


The surface damages of the tested discs are presented and discussed 
in two subsections, starting with the counterfaces. The rough counter- 
faces experienced no surface fatigue damage; only plastic deformation 
and wear are observed in terms of roughness changes before and after 
the test. The smooth specimens experienced surface fatigue that was 
induced from the rougher counterface. In this case, surface damage is 
assessed and discussed in detail in the second subsection. 


3.1. Surface roughness characterization — counterfaces 


The surface roughness of counterfaces was analysed inside and 
outside the wear track, see Table 5. The initial surface roughness RMS 
tolerance was set to 400 nm + 30 nm. Unfortunately, in some cases, the 
initial surface roughness was measured to be higher or lower than the 
prescribed tolerance. 

Fig. 4 shows a change in surface roughness RMS after the test. In 
general, a positive trend is observed for the surface roughness change of 
the counterface, with respect to the hardness difference between the 
specimen and counterface (negative when the counterface is harder), 
when the specimen is made of G3. A relatively big change, approxi- 
mately 30%, was observed in surface roughness difference for the pos- 
itive hardness difference of around 100 HV. In this case, the roughness of 


Table 5 
Surface roughness measurements before and after the test for rough 
counterfaces. 


Test Before test After test Difference Hardness difference, 
nr. [nm] [nm] [HV1] 


RMS Std? RMS Std? [%] 


1 418 44 302 36 28 120 
2 384 32 286 3 25 107 
3 525 78 354 16 32 103 
4 423 21 355 46 16 20 

5 392 37 358 23 9 8 

6 357 19 316 18 12 0 

7 330 16 291 26 12 6 

8 399 18 319 19 20 1 

9 362 70 329 16 9 -6 
10 485 29 403 38 17 —9 
11 380 34 298 17 22 —25 
12 377 33 300 17 —21 —41 
13 387 12 364 18 6 —84 
14 379 46 367 19 3 =91 
15 369 41 360 32 3 —92 
16 396 41 291 33 27 —137 
17 402 29 361 20 10 —139 
18 427 36 317 52 25 —150 


a Std — Standard deviation based on 4 measurements. 
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the counterface decreased from the initial RMS = 400 nm to approxi- 
mately RMS = 300 nm. On the other hand, a relatively small change in 
roughness was observed for the negative hardness difference. In this 
case, the rough counterface remained rough throughout the test. 
Considering different steel grades, no clear differences were observed in 
RMS change when using a variety of bearing steels for the counterface. It 
seems that the large scatter in RMS change between different steel 
grades is due to the difference in initial RMS value and not due to the 
different steel grade used. However, when the specimen is made of G55, 
a relatively high change in RMS (around 25%) is observed for the 
highest hardness difference (Test 16 and 18), indicating a higher wear 
and/or deformation on the counterface despite being harder. 

Fig. 5 shows 2D surface profiles transverse to the rolling direction 
from two worn surfaces of counterfaces in order to observe the highest 
and lowest change in RMS value. In this case, both surfaces are made of 
G3 steel. In the case of the highest change in RMS (AH ~100 HV), 
asperity peaks seem worn and deformed to a higher degree. The flat- 
tened asperity peaks provide large bearing area. This, in turn, reduces 
local surface stresses and reduces the fatigue risk on the specimen. For 
the lowest change in RMS (AH ~ — 100 HV), the surface shows almost 
no plastic deformation and wear. Hence, roughness appears to be pre- 
served to a higher degree, maintaining a high index of plasticity. 
Nevertheless, no surface fatigue damage was observed on the counter- 
faces. Similar observation can be made if rough surfaces of counterfaces 
are made of different bearing steel grades. 


3.2. Micro-pitting and wear characterization — specimens 


The objective of this study was to examine and quantify the surface 
damages of the specimen made of G3 in contact with the counterface 
made of different steel grades at severe conditions of surface distress for 
different surface hardness combinations. Note, surface hardness values 
were kept constant for all SIH discs as far as possible. In this way, any 
difference in terms of surface damage induced from the counterface 
would suggest being due to different steel composition rather than 
hardness. 

The summary of wear results is presented in Table 6, the specific 
micro-pitting wear rate for all tested combinations of TH specimen, 
made of G3, as a function of initial surface hardness difference (AH). 
Recall that a positive surface hardness value implies that the specimen is 
harder. In regard to the wear rate, two distinct regions are clearly 
visible, depending on the hardness difference. For a positive hardness 
difference (AH > 0 HV), a low specific wear rate is detected on the 
smooth surface War = 1-4 x 10718 mm?/Nm). In contrast, for the 
negative hardness difference (AH < 0 HV), two orders of magnitude 
higher wear rate is detected on the specimen surface (War = 10 - 270 x 
101° mm?/Nm), when hardness difference is sufficiently negative. The 
transition between the low wear and the high wear rate is observed 
when the surface hardness is around —30 HV. In this case, a higher 
scatter in specific wear rate can be observed as the surface damage is not 
evenly distributed around the wear track (Test 11), compared to other 
tests. It is evident that the hardness difference has a major influence on 
the micro-pitting wear rate. Similar behaviour was previously observed 
from the work of Olver [19], where higher surface fatigue wear rates 
were observed with a negative hardness difference in comparison to a 
positive difference. Moreover, no clear difference is observed whether 
the counterface is made of a different steel grade, in terms of specific 
wear rate, if the hardness level is kept constant. Some scatter between 
different tests is observed from the micro-pitting wear rate for around 
zero hardness difference. 

When observing worn surfaces of the specimen, one may further 
distinguish between three regions, depending on the extent of the sur- 
face damage: (a) severe micro-pitting wear region; (b) micro-pitting and 
wear region; and (c) mild wear region only, according to Fig. 6. 

For the region with severe micro-pitting wear seen in Fig. 6 (a), the 
surface topography shows a pronounced wear zone with micro-pits 
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Fig. 4. Change in RMS for counterface with respect to surface hardness difference AH, where AH = Hspecimen — Heounterpart- 
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Fig. 5. 2D surface profiles transverse to the rolling direction for two worn rough counterfaces that were in contact with softer (lower), and harder (above) specimen 


for reference test G3 vs G3. 


along the worn surface. For micro-pitting and wear region, Fig. 6 (b), 
wear is observed from the surface topography with some extent of 
micro-pitting and/or indentations. The last region shows sign of mild 
wear damage only, with very minor indentations. Table 6 lists the spe- 
cific wear rate and average percentage of SD, where such assessment is 
possible. In addition, Fig. 7 presents the comparison between the surface 
morphology of a severe-micro-pitting and a micro-pitting damage for 
test 13 and 10, respectively. For test 13, it can be observed that the 
surface suffered from severe surface rolling contact fatigue. Many cracks 
and removed material fragments can be observed from the surface. In 
this case, the rate of material removal is a factor of 50 higher than that of 
mild wear, hence material removal is mainly the consequence of 
accelerated surface fatigue, i.e. severe micro-pitting wear in this case. 
For test 10, several randomly formed cracks and micro-pits can be 
observed on the surface. In addition, some indentation marks are visible. 


4. Discussion 


The effect of the steel grade and different heat treatments on micro- 


pitting and wear damage for smooth specimens is presented and dis- 
cussed. Fig. 8 shows specific micro-pitting wear for two different spec- 
imens, i.e. TH specimen made of G3 and SIH specimen made of G55, as 
the function of hardness difference, see also Table 6. Based on the re- 
sults, it is evident that the transition from micro-pitting to severe micro- 
pitting region occurred at higher surface hardness difference for spec- 
imen made of G55 compared to G3. For G55 this transition occurred 
when the hardness difference between the specimen and the counterface 
was around —140 HV. Again, higher scatter in wear assessments in- 
dicates that the surface damage is not evenly distributed around the 
wear track, indicating a transition. However, for G3, the transition 
started already when the hardness difference was around —30 HV. This 
suggest that the similar extend of surface damage is expected when the 
surface of SIH specimen made of G55 is softer for approximately 100 HV 
compared to much harder surface of TH specimen made of G3. 
Comparison of surface damage of both different specimens at similar 
surface hardness differences were further made. Fig. 9 shows 3D 
topography of the damaged smooth surface of the TH and SIH specimen 
made of G3 and G55, respectively for very low surface hardness 
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Table 6 
Results for surface damage and specific wear rate for specimens. 
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Counterface Specimen AH Surface Specific wear rate, Wavr 
Test nr. Damage, SDavr 

Grade Surface hardness level? Grade Surface hardness level* [HV] [%] Std? [mm?/Nmm] Std? 

x 1078 x 1078 

1 50 673 3 793 120 <1 - 2.3 0.3 
2 55 689 3 795 107 <1 - 2.3 0.2 
3 3 689 3 792 103 zI - 2.5 0.6 
4 3 764 3 784 20 13.1 1.1 3.0 2.0 
5 50 793 3 793 8 17:7 3.6 4.1 5.2 
6 55 790 3 790 0 14.0 1.8 3.6 3.1 
7 50 686 3 692 6 <1 - 2.7 1.5 
8 55 691 3 692 1 5.3 2.1 5.5 3.9 
9 55 705 55 699 —6 <1 - 2.5 1.7 
10 3 700 3 691 -9 5.4 1.7 33 2.4 
11 3 765 3 740 -25 12.4 5.0 9.6 29.6 
12 3 775 3 734 —41 80.3 4.2 60.8 30.4 
13 3 772 3 689 —84 100 - 152.3 51.4 
14 55 821 3 730 -91 100 - 166.9 29.6 
15 55 791 55 700 —92 2.7 1.8 2.9 3.3 
16 55 836 55 699 —137 11.5 6.4 6.7 26.9 
17 55 831 3 692 —139 100 - 272.2 56.7 
18 55 840 55 690 —150 28 14 24.4 71.9 


a Std — Standard deviation based on 8 measurements. 
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Fig. 7. Surface damage morphology comparison between a severe-micro-pitting and a micro-pitting damage. Rolling direction from up do down. 


difference (AH ~ 0 HV). The surface of the G3 shows signs of micro- 
pitting along the wear track with SDavr of 8.6% and a wear groove 
along the wear track. In contrast, the surface of the G55 shows almost no 
signs of micro-pitting damage with less than 1% of SDavr. This suggest 
that G55 performs better than the G3 based on assessing surface damage. 

For higher negative hardness difference, the damaged 3D surface 
topography for the smooth TH and SIH specimens made of G3 and G55, 


respectively, is shown in Fig. 10. In this case, the surface hardness dif- 
ference was kept negative to further accelerate the fatigue process, as 
observed from the previous results. For the hardness difference of 
around —90 HV, the surface of the G3 suffered from severe micro-pitting 
wear, whereas no severe micro-pitting wear was observed from the 
surface of the G55. In this case, only minor micro-pitting damage was 
detected along the wear track, with an average global micro-pitting 
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© G3 (TH) vs G55 (SIH) 
© G3 (TH) vs GSO (SIH) 
© G3 (TH) vs G3 (SIH) 
~~~ Trend line for G55 versus itself 


+ G55 (SIH) vs G55 (SIH) 
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Fig. 8. Specific (micro-pitting) wear rate for TH and SIH specimen made of G3 and G55 steel, respectively, as a function of bearing steel grade of the counterface and 


surface hardness difference between the specimen and the counterface. 


Test 8 — G3 vs G55 
AH = 1 HV 


SD = 8.6% (SDavr= 5.3%) 
Wav = 5.5X10 "° 


Test 9 - G55 vs G55 


mm um 
05 
104 
oo 
09 
as 
08 
10 
07 
as 
06 = 
os 
04 e] a 
034 30 
- 
o24 35 
oa 40 
oo 4s 


SDav = 1.1% (SD<1%) 
Wavr =2.7Xx 10°! 


Fig. 9. 3D topography measurement of the worn track for TH and SIH specimen made of G3 and G55, respectively (AH ~ 0 HV). 


damage of approximately 3%. For even higher hardness difference (AH 
= —140 HV), the surface damage of TH specimen made of G3 is further 
increased compared to the previous case. However, for the specimen 
made of G55, the surface shows higher fatigue damage compared to the 
previous case, but it still remains very low compared to specimen made 
of G3 at similar hardness difference. Please note that in this case, the 
surface damage is inhomogeneous around the wear track (high scatter in 
wear assessments) and a high damage was selected to be shown for this 
example. This indicates, that the transition from wear and fatigue to 
accelerated fatigue is taking place for specimen made of G55 at hardness 
difference of around —140 HV while specimen made of G3 is already in 
the state of accelerated fatigue process taking place. In this case, the 
transition from wear and fatigue to accelerated fatigue was observed 
already at hardness difference of around —30 HV (Test 11). 

Looking at the worn geometries from the most severe cases, see 
Fig. 11, one can say that significant loss of both curvature and diameter 
is observed for the TH specimen made of G3, with around a 20 um loss of 
material in the radial direction. Please note, that line profiles were 
captured from the middle of the 3D topography of Fig. 10, for test 16 and 
17, perpendicular to the rolling direction. Furthermore, it can be 
observed that the contact geometry shifted from an elliptical to a line 
contact in this case, where contact width extended for around 0.4 mm 
from the initial width. Due to this, the maximum Hertzian pressure 


dropped from an initial 3 GPa to around 1.7 GPa. This implies that the 
contact aligned itself, through severe micro-pitting wear, to bear lower 
elevated Hertzian contact. In contrast, the worn geometry of the SIH 
specimen made of G55 showed relatively low signs of change/wear. 
Here, the specific wear rate was a factor of 40 lower compared to the test 
16, indicating slower fatigue process. The worn geometry was almost 
completely preserved, and no widening of the contact was seen. 

Despite G55 being a weaker bearing steel grade in terms of carbon 
concentration it shows better surface fatigue resistance G3 in terms of 
surface fatigue at similar surface hardness levels for all tested surface 
hardness differences. Better fatigue resistance of G55 can be attributed 
to different applied heat treatment i.e. SIH, which selectively heat-treat 
only the near surface region. In this case, the surface hardening depth 
was very shallow, around 2 mm. Typically, such heat-treatment can 
induce compressive residual stress state in the near surface region. It is 
generally known that such stress state is beneficial when it comes to the 
fatigue performance as it can delay crack formation and propagation. In 
this case, this might be the most likely explanation on why the G55 
sustained lower micro-pitting wear damage compared to G3. However, 
the exact explanation for this behaviour exceeds the scope of the current 
paper, therefore, further work will be carried out to study this behaviour 
in more details. 
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Test 15 — G55 vs G55 
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Fig. 10. 3D topography measurement of the worn track for TH and SIH specimen made of G3 and G55, respectively for AH = -90 HV and AH ~ -140 HV. 


Extended contact width 


Test 16 — G55 vs G55 
AH = -137 HV 


ZE E 


M=25 % (Maw: = 11.5 %) 
Wav = 6.7X107% 


— G55-T16 
— G3 - T17 


oe $ Initial contact width 


T T T T T T T T T, T T T T 
14 L6 18 2.0 22 24 2.6 mm 


Fig. 11. Worn contact geometry in cross-sectional view of the rolling direction for the TH and SIH specimen made of G3 and G55, respectively. 


5. Conclusions 


In this investigation, surface damage, i.e. micro-pitting and wear, of 
different bearing steels were characterized in a disc-on-disc configura- 
tion under boundary lubricated conditions. Rough SIH (Surface Induc- 
tion Hardened) counterfaces made of three different bearing steel grades 
were in contact with smooth TH (Through Hardened) and SIH specimens 
made of G3 and G55, respectively. Based on the results, the following 
conclusion can be drawn: 


e The faster, rough surface experience only mild wear and plastic 
deformation regardless of its relative surface hardness value with 
respect to the smooth surface. However, the slower, smooth surface 
experience different damage modes that are depended on surface 
hardness difference between the specimen and the counterface. In 
addition, the material of the counterface did not significantly affect 
the micro-pitting or wear behaviour of G3 specimens which depen- 
ded only on the relative hardness. 

e For the smooth specimen, three main regions of surface damage 
modes were identified. If the specimen is harder, only mild wear 
occurs. If the specimen and the counterface are of equal hardness, 


both micro-pitting and mild wear are present. When the specimen is 
softer, the surface experiences severe micro-pitting wear, up to a 
factor of 50 higher specific micro-pitting wear rate, compared to 
previous two cases. 

e The SIH specimen made of medium carbon steel G55 (DIN C56E2) 
showed better surface fatigue resistance than the TH specimen made 
of low alloy high carbon steel G3 (DIN 100Cr6) at similar surface 
hardness levels. The transition from micro-pitting to severe micro- 
pitting wear occurs when the surface hardness difference is around 
—140 HV and —30 HV for G55 and G3, respectively. 

e Further metallurgical examinations are needed to study the crack 
morphology beneath the surface of specimens for different tests with 
respect to surface hardness difference and to investigate the under- 
lying cause for better fatigue performance of G55 compared to G3. 
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